Abstract-We present a Pulsed Laser Activated Cell Sorter (PLACS) integrated with 3D sheathless inertial focusing that is capable to sort at 10,000 particles sec -1 with >90% sort purity and 6,000 cells sec -1 with >80% sort purity. It is realized by exciting laser induced cavitation bubbles in a single layer PDMS microfluidic channel to create high speed liquid jets to deflect detected fluorescent samples. Fluid inertia and secondary flows induced by stepped microchannels are used to focus samples in 3 dimensions. After focusing, samples go through an expansion chamber whose function is to enlarge the separation distance between two closely positioned particles by particle-particle interaction in inertial flows and reduce the coincident events within the switching window (16 μsec in time or 32 μm in distance). This sorter uses 10 times lower initial concentration cell samples than that in sheath-based PLACS in order to avoid severe dilution effects from high volume sheath flows at the same throughput.
INTRODUCTION
Fluorescence-activated cell sorter (FACS) is a powerful tool for high throughput single cell analysis in both fundamental biomedical research and clinical applications [1] . Microfluidic FACS provides a fully enclosed, steri le environment for cell sorting and can easily interface with many upstream and downstream modules [2] . Rapid progress in microfluidic FACS systems over the past decade has quickly narrowed their sorting performance gap with conventional aerosol-based FACS [2] . The main innovation in microfluidic FACS systems is the sorting actuation mechanism, which includes electro-osmotic flows [3] , pneumatic valve control [4] , solenoid valve control [5] , optical forces [6] , piezoelectric actuators [7] , acoustic waves [8] , sol-gel deformation [9] [10] [11] and a pulsed laser activated cell sorter (PLACS) [12] [13] . Among these, PLACS recently achieved a sorting performance of 90% sort purity at 23,000 cells sec -1 and 45% sort purity at 45,000 cells sec -1 using 3D sheath flows provided by multilayer PDMS structures [13] . However, the large amount of diluting sheath fluid needed for tight 3D focusing requires a high initial cell concentration in samples (>10 7 cells ml -1 ), which can result in cell clogging in channels, and high pressure pumps to drive fluid through microchannels at high speeds. The need for 3D microfluidic channels also increases the complexity and the cost of device fabrication.
Several sheathless 3D cell-focusing mechanisms have been demonstrated so far. These include focusing using acoustic pressure [14] [15] , optical [16] , magnetic [17] and dielectrophoretic forces [18] [19] , hydrophoresis [20] and inertial focusing [21] [22] [23] [24] . Among these, inertial focusing is a promising sheathless mechanism for integration with PLACS since both can operate at high speed (> 1 m sec -1 ). Other mechanisms, although providing a 3D cell focusing function, can only operate at relatively low throughput that are therefore not ideal for integration with PLACS. Furthermore, particle-particle interaction phenomena [25] [26] in inertial microfluidics can be utilized to regulate the inter-particle separation between two closely positioned particles, or cells, to improve purity in highthroughput sorting.
Here, we demonstrate an inertial focusing integrated sheathless PLACS for high-purity and high-throughput cell sorting in a single layer PDMS channel that can be easily and inexpensively fabricated. We also demonstrate an approach to enlarge the inter-particle distance of closely positioned particles, which may affect the sort purity at high throughput, by utilizing particle-induced hydrodynamic interactions in an expansion chamber.
II. CURRENT RESULTS
As shown in Fig. 1 , the upstream channel design consists of a single low aspect ratio straight channel (80 μm in width and 40 μm in height) with a series of 30 vertical constrictions (20 μm in width, 18 μm in height, and 1 mm in periodicity), followed by a symmetric laterally expanded chamber structure (160 μm in width and 800 μm in length with an expanding slope of 2.86 degree). This main sample channel is geometrically engineered to enable 3D particle/cell focusing and inter-particle spacing control. The sample channel bifurcates into two outlets, collection and waste, after the switching junction. The train of focused particles/cells initially flows into the waste channel. Once fluorescence is detected by a photomultiplier tube, a cavitation bubble will be excited in another parallel channel, which is 150 μm in width and expands to 300 μm at the bubble excitation location to allow enough space for bubble expansion, that is then connected with the main sample channel through a nozzle (20 μm in width and 50 μm in length) at the bifurcation. A rapidly expanding cavitation bubble triggered by the pulsed laser induced breakdown of water pushes high-speed fluid jets through the nozzle into the main channel to deflect the target particle or cell passing by into the collection channel.
Cavitation bubble dynamics are shown in the timeresolved images in Fig. 2 . A disk-shaped bubble expands to a maximum diameter of 160 μm within 3 μsec (Fig. 2c) and fully collapses by 20 μsec (Fig. 2d) . Red dye (Allura, 67 mg ml -1 , Sigma-Aldrich) is added to reduce the threshold energy required to excite a cavitation bubble. With a liquid jet induced by a cavitation bubble through a nozzle, particles initially focused along a streamline into the waste channel ( Fig.  2e) are pushed into the collection channel (Fig. 2f) .
The optimal switching efficiency profile is experimentally tested to be 16 μsec in time or 32 μm in distance (16 μsec × 2 m sec -1 ) as shown in Fig. 3 .
Fluid inertia is used to focus particles without sheath flows, using three separate channel regions: (i) a straight focusing region, (ii) a stepped region to bias a single stream, and (iii) an expansion region to maximize inter-particle spacing uniformity.
With a particle/cell speed of 2 m sec -1 and Reynolds number (Re = ρνD h /μ, the ratio of inertial to viscous forces, D h is 53.33 μm calculated based on the dimension of the channel) of 107, particles/cells are focused by fluid inertia into two equilibrium positions in the upper stream low aspect ratio straight channel segment due to the balance of two inertial lift forces originating from the shear gradient and the presence of the wall [25] . In the second region of the channel, vertical steps induce a pair of top-bottom asymmetric helical secondary flows to make the upper focusing position unstable and direct particles/cells to the bottom equilibrium position. This results in 3D focusing of cells and particles into a single stream in the channel. Fig. 4a shows the focusing result of 10 μm polystyrene microspheres at a concentration of 0.1% w/w, which corresponds to a throughput of 10,000 particles sec -1 at a flow rate of 400 μl min -1 . A standard deviation plot from 8,000 high-speed images (Fig. 4a) shows that all particles are focused tightly into the waste channel. Previous studies found that inertially focused particles/cells, due to particle-particle interaction effects, tend to form trains with certain interparticle separation distances [26] . With our channel dimensions and particle sizes, this inter-particle distance is 22 μm (Fig.  4b) , a value smaller than the PLACS switching window measured in our experiments (Fig. 3) and may decrease the sort purity. Fig. 4b shows a high-speed image of particles focused at the bottom inertial equilibrium position after the stepped structure before entering into the expansion chamber. To increase this inter-particle spacing, we utilized an expansion chamber, a third region in the channel, to slow down the particles, and bring them closer into a hydrodynamic repulsive interaction regime, in which the viscous disturbance flows act to repel neighboring particles and push them apart [26] . After passing through the expansion chamber, inertial lift forces again act to focus particles and maintain them at enlarged separation distances, as shown in Fig. 4c . After slight widening of inter-particle separation distances, the particles are spread more uniformly. Using an expansion chamber increases the sorting purity at high throughput sorting by making the spacing between particles more uniform (less dependent on Poisson arrival statistics).
Without the expansion region, we observe that 41% of the particles have an inter-particle separation distance smaller than 32 μm, which is the switching window. This means that non-target neighboring particles have a high probability to be switched into the collection channel. As a result, the sort purity in the device without an expansion chamber to regulate the interparticle separation distance drops to as low as 15% at a throughput of 10,000 particles sec -1 . In contrast, by using an expansion chamber, the percentage of particles with a separation distance smaller than the switching window is reduced to 13%.
As shown in Fig. 5 , our sorter can sort 10 μm polystyrene microsphere mixtures with > 90% sort purity at throughputs lower than 10,000 particles sec -1 . Mammalian cell sorting is also demonstrated using Ramos human Burkitt lymphoma cells which are 11.29 μm in diameter but have a larger size variation (CV 9.3%) than particles (CV 2.4%). Stained cells by Vybrant® CFDA SE Cell Tracer (Invitrogen) are mixed with unstained cells at desired ratios. After tuning the density of the cell suspension, which is on the level of 10 6 cells ml -1 , the mixture is introduced into the microchannel. After sorting, the collected cells are stained with PI dye to test the viability and analyzed by a commercial flow cytometer (Table 1) . A sort purity of 80.1% is achieved at a throughput of 6,000 cells sec -1 . At higher throughputs, unfocused cells may stack at the bifurcation tip in a short time, decrease switching efficiency and, cause device clogging.. These unfocused cells partly come from the beginning of sample introduction before a stabilized fluid flow is established. After the fluid flow becomes stable, there is still a small percentage of unfocused cells (less than 1%) [24] . Decreasing the number of unfocused cells or increasing the focusing efficiency by adding more steps at the inertial focusing stepped region may help reduce clogging probability. Widening the channel can also prevent device clogging [27] . The reasons for lower sort purity for cells than that for particles at the same throughput arise from both mis-focusing and mis-sorting. (1) The focusing efficiency for cells is lower compared to particles given the same experimental conditions because cells are more deformable and have larger variations in size. Non-target cells can flow into the collection channel due to mis-focusing of variably sized cells. (2) The chamber structure is less effective in enlarging the distance between cells than it is for particles, partly because of size differences which lead to variations in cell velocities and inter-particle distances. Thus, there are more cells, compared to particles, with inter-cell distances smaller than the switching window, causing more non-target cells to be sorted into the collection channel. With chamber, the percentage of the particles with inter-particle distance smaller than the switching window reduces to 13%. 
III. CONCLUSION
In conclusion, we presented a 3D inertial focusing integrated PLACS which uses 10 times lower initial concentration cell samples than that in sheath-based PLACS at the same throughput. With an optimized switching window (peak switching efficiency of 93% and width of 16 μsec), sort purity >90% has been achieved at a throughput of 10,000 particles sec -1 . Sorting mammalian cells with >80% sort purity at a throughput of 6,000 cells sec -1 is also demonstrated.
